entirely due to the Hanle effect operating at disk centre. This can be possible only if there exists a magnetic ®eld with a signi®cant inclination to the radial direction through the observed point, otherwise the polarization at disk centre would be zero for reasons of symmetry. The very existence of a sizeable Stokes Q signal in thè blue' line demonstrates that the 3 S 1 ground level is signi®cantly polarized.
Singularities underlie many optical phenomena 1 . The rainbow, for example, involves a particular type of singularityÐa ray catastropheÐin which light rays become in®nitely intense. In practice, the wave nature of light resolves these in®nities, producing interference patterns. At the event horizon of a black hole 2 , time stands still and waves oscillate with in®nitely small wavelengths. However, the quantum nature of light results in evasion of the catastrophe and the emission of Hawking radiation 3 . Here I report a theoretical laboratory analogue of an event horizon: a parabolic pro®le of the group velocity 7 of light brought to a standstill in an atomic medium 4±6 can cause a wave singularity similar to that associated with black holes. In turn, the quantum vacuum is forced to create photon pairs with a characteristic spectrum, a phenomenon related to Hawking radiation 3 . The idea may initiate a theory of`quantum' catastrophes, extending classical catastrophe theory 8, 9 . Optical media govern the propagation of light. Media are usually transparent substances such as glass or water, but empty yet curved space is a medium as well 10 . Certain material media can be manipulated to give them extraordinary optical properties. Inside such media light may propagate with a negative 11 or very low 12 group velocity 7 , or may be brought to a standstill 4±6 . In a medium with electromagnetically induced transparency 13 (EIT), an external control beam dictates the group velocity v g of a second and weaker probe beam, in order to slow down the probe light 4±6,12 . Once the ®rst beam has gained control, the group velocity of the second beam is essentially proportional to the control intensity I c , even in the limit when I c vanishes 14 . Imagine that the control beam illuminates the EIT medium from above, see Fig. 1 . Initially, the control intensity is uniform, but then the control light develops a dark stripe. The stripe should continue down through the medium as an interface Z of zero intensity I c where, consequently, the group velocity of any potential probe light vanishes. In the following, I show theoretically that the interface Z forms the optical analogue of an event horizon. The formation of the horizon should trigger a quantum catastrophe that results in continuous emission of slow-light quanta out of the vacuum. (Details of the calculations will be published elsewhere.) I will ®rst analyse classical waves of slow light, and then turn to the quantum theory.
Assume that the interface Z of zero control intensity I c is suf®ciently¯at that the optical properties generated do not vary much in the spatial directions parallel to Z. Consider a line z orthogonal to Z. Over a small fraction of a characteristic length a, the group-velocity pro®le of the slow probe light is parabolic
because I c increases quadratically in the vicinity of a zero. As usual, c denotes the speed of light in vacuum. For simplicity I concentrate on slow-light waves Jt; z that propagate in the z direction only, and ignore their polarizations.
To predict the propagation properties of slow light I use the speci®c physics of EIT illustrated in Fig. 2 . Equivalently and more generally, I translate the phenomenological dispersion relation 15 of slow light with frequencies close to the EIT resonance q 0 into a wave equation that is subject to the principle of least action of the canonical formalism 16 :
After the formation of the interface Z, the group index a has developed a quadratic singularity:
As a consequence, slow light propagates independently on the two sides of the interface Z and can never cross Z, because, in mathematical terms, it is possible to multiply any solution J with the step function £6z and still solve the wave equation (2) . On either side of Z a slow-light pulse can be decomposed into monochromatic wavesÐthat is, into stationary solutions of the wave equation (2) Close to the event horizon of a black hole 2 , an outside observer would see a similar behaviour of waves 19 . The horizon cuts space into two disconnected parts. All motion freezes near the horizon where time seems to stand still. Waves develop a logarithmic phase singularity. Yet an observer falling inwards could pass the horizon without noticing anything unusual. This characteristic difference in perception has a profound consequence, because the quantum vacuum behaves in a similar fashion to a¯uid that shares the fate of the inward-falling observer 19±21 . Consequently, the quantum vacuum must not occupy the waves seen by the outside observer. Figure 1 Schematic diagram of the proposed experiment. A beam of control light with intensity I c generates electromagnetically induced transparency 13 in a medium, strongly modifying its optical properties for a second ®eld of slow light. When an initially uniform control intensity is turned into the parabolic pro®le shown in the ®gure, the slow-light ®eld suffers a quantum catastrophe. To slow-light waves, the interface Z of zero control intensity cuts space into two disconnected regions and creates a logarithmic phase singularity, in analogy to the effect 19 of an event horizon 2 . The quantum vacuum of slow light cannot occupy such catastrophic waves. In turn, pairs of slow-light quanta, propagating in opposite directions away from Z, are emitted with a characteristic spectrum. The waves shown below the intensity pro®le refer to the emitted light with the modes w R and w L of equation (7). The ®gure shows the relevant energy levels of each atom constituting the EIT medium. The control light couples two excited states j2i and j3i, and thus in¯uences the optical transition between the ground state j1i and the level j3i brought about by the probe light. Initially, the control light, being suf®ciently strong, prepares each atom in a pure state jwi called a dark state 13, 14 . When the control and probe ®eld strengths vary, the atoms remain in dark states as long as level j3i is not suf®ciently populated. Up to a normalization and phase factor, the dark state jwi is proportional to j1i 2 p = c j2i 2N 1 j p = c j 2 , described here in an interaction picture with respect to the atomic transition frequencies q 32 and q 31 q 0 . The ®eld strengths of the probe and control light are given in terms of the local Rabi frequencies 22 p and c . The induced dipole moments of the atoms in dark states generate a matter polarization that in¯uences the propagation of the probe light. When j p j 2 is much less than j c j 2 the probe light obeys the linear wave equation (2) with a group index 15 a c=v g 2 1 that is inversely proportional 14 to j c j 2 . The less intense the control ®eld, the lower is the group velocity v g . When j p j 2 is comparable with j c j 2 or larger, nonlinear optical effects occur.
In other words, this observer does not see a vacuum. Instead, the observer detects the quanta of Hawking radiation 3, 19 . Consider the quantum physics of our wave catastrophe. According to quantum ®eld theory 16 , waves are potential particle carriers called modes. Modes describe the spatial-temporal ®elds of single quanta and, therefore, they are normalized with respect to a characteristic scalar product 20 . I normalize the waves of equation (4) with the imaginary index of equation (5) to ®nd the set of modes:
The step function £ indicates that the R/L modes exist either on the right or on the left side of the horizon Z. I have chosen the w modes such that they appear as outgoing plane waves far away from Z. These are the modes that carry detectable quanta. Complex analysis 18 is an imaginative mathematical method to understand real physics. Regard hypothetically the distance z and the time t as complex variables 18 . The modes of equation (7) are non-analytic functions 18 of z, because they vanish 18 on one of the sides of the horizon. However, the quantum vacuum should occupy a set of analytic modes, because the formation of the horizon is a dynamic process 14 . Initially, the quantum vacuum occupies analytic modes such as packets of plane waves. The process conserves the analyticity in z, even after the wave catastrophe has occurred. Furthermore, the light waves are analytic on the lower half of the complex t plane on at least one side of the horizon, see Fig. 3 . It is possible to prove that at any arbitrary time t 0 after the catastrophe, the vacuum modes are certain combinations of the detector modes
supplemented with analogous formulas where R and L are interchanged. The vacuum modes of equation (8) contain complexconjugated w modes with negative frequencies and hence negative energies. This is the decisive sign of particle creation 19, 20 . Similar to a gravitational collapse 2 , the tuning of the control ®eld towards a parabolic intensity pro®le triggers a wave catastrophe. In turn, the slow-light quantum ®eld sets out to deplete the control beam, taking energy from it, in an attempt to alter the intensity pro®le that has caused the catastropheÐbut in vain. The control beam continuously replenishes the pro®le, driving a stationary production of slow-light quantum pairs. The two particles of each pair are created on opposite sides of the horizon, they depart at a snail's pace, accelerate gradually and emerge as detectable photons, like the Hawking radiation 3,19 of black holes. In contrast to gravitational holes, it is possible to explore the other side of the horizon and measure the non-local correlations 22 of the photon pairs. The weight of the negative-frequency component w* in the vacuum modes of equation (8) gives 20 
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Maximally 1/4 photons are created on average, which is quite substantial, considering the fact that bright sunlight carries a mere 0.01 photons per mode in the optical range of the Planck spectrum 22 . Yet the pair production occurs in a narrow frequency window above the critical frequency q 0 c 2 =8a 2 q 0 which, for realistic experimental parameters 4, 6 , reduces the total photon¯ux to a few millions of particles per second, a respectable rate. The radiation could perhaps be seen with the naked eye. The characteristic length a of the group-velocity pro®le (equation (1)) determines the spectral width (equation (9)) of the pair production. The steeper the control-®eld gradient is, the more quanta are created. Black holes show a similar behaviour 3 . The smaller the hole is, the larger is the gravity gradient at the horizon and the stronger is the radiation generated 3 . Close to the horizon the susceptibility of slow light diverges. Yet in®nite susceptibilities tend to be prevented: instead of responding in®nitely strongly, optical media become absorptive or nonlinear. According to the physics of EIT illustrated in Fig. 2 , the optical nonlinearity of slow light depends on the ratio of the probe and control intensities, I p and I c . Equation (6) shows that I p~j Jj 2 grows linearly in z, whereas I c is quadratic in z. Therefore, at a critical distance from the horizon the EIT medium becomes nonlinear. A detailed three-dimensional calculation, using the parameters of the experiments of refs 4 and 6, indicates that the nonlinearity sets in before the absorption of the medium becomes important, given a suf®ciently steep control-intensity gradient. The Rabi frequency 22 of the control light should grow as the distance |z| from the horizon increases, at a rate of at least 10 MHz per wavelength l 0 2p=k 0 . In this case, the scale a is about 5 3 10 3 l 0 . The quantum radiation of a slow-light catastrophe resembles Hawking radiation, but also exhibits some interesting differences. z t Z Figure 3 Space±time diagram of a slow-light catastrophe. The ®gure illustrates the fate of a wave packet Jt ; z that experiences the formation of the horizon Z. Initially, the packet oscillates with positive frequencies in time t, and propagates from the left to the right in space z. The horizon cannot generate negative frequencies in the re¯ected light, apart from a brief burst that is neglected here. On the left side of Z, we thus regard Jt ; z as analytic 18 in t on the lower half of the complex t plane. Furthermore, Jt ; z is analytic in z on the upper half plane throughout the history of the wave packet, because the process of equation (2) conserves analyticity 18 . Yet Jt ; z is not analytic in t on the other side of the horizon, as the solution (equation (8)) indicates. Here waves with negative frequencies are continuously peeling away from the horizon, corresponding to a stationary creation of slow-light quanta. In each example, a wave develops a singularity with a characteristic exponent. Quantum physics resolves the singularity, and produces particle pairs with a characteristic spectrum (average particle number).
The emitted spectrum (equation (9)) is not planckian, whereas a black hole of Schwarzschild radius r s appears as a black-body radiator with temperature 3~c =4pr s . The differences between the two spectra can be traced back to two different classes of wave catastrophes. In both cases 19 , waves freeze at an horizon in the form z p with an exponent p of im 1=2 for slow-light media but with an exponent im for black holes where m 2pr s q=c. Note that Unruh's effect 21 of radiation seen by an accelerated observer is of the Hawking class as well 19 , and so are most of the proposed arti®cial black holes 15 ,23±29 . Schwinger's pair production of charged particles in electrostatic ®elds 30 is accompanied by a subtle wave catastrophe of exponent 19 im 2 1=2, and leads to a boltzmannian spectrum Å n exp 2 2pm. All three catastrophes agree in the limit of large m, but deviate signi®cantly in the regime of maximal particle production where m is small (see Table 1 ). It would be interesting to ®nd out whether more than three types of quantum catastrophe can occur. ............................................................ .. It is occasionally possible to interpret strongly interacting manybody systems within a single-particle framework by introducing suitable ®ctitious entities, or`quasi-particles' . A notable recent example of the successful application of such an approach is for a two-dimensional electron system that is exposed to a strong perpendicular magnetic ®eld. The conduction properties of the system are governed by electron±electron interactions, which cause the fractional quantum Hall effect 1 . Composite fermions, electrons that are dressed with magnetic¯ux quanta pointing opposite to the applied magnetic ®eld, were identi®ed as apposite quasi-particles that simplify our understanding of the fractional quantum Hall effect 2, 3 . They precess, like electrons, along circular cyclotron orbits, but with a diameter determined by a reduced effective magnetic ®eld 4±10 . The frequency of their cyclotron motion has hitherto remained enigmatic, as the effective mass is no longer related to the band mass of the original electrons and is entirely generated from electron±electron interactions. Here we demonstrate enhanced absorption of a microwave ®eld in the composite fermion regime, and interpret it as a resonance with the frequency of their circular motion. From this inferred cyclotron resonance, we derive a composite fermion effective mass that varies from 0.7 to 1.2 times that of the electron mass in vacuum as their density is tuned from 0.6´10 11 cm -2 to 1.21
. The attachment of two¯ux quanta (more generally an even number) to composite fermions (CFs) is a natural way to minimize the energy of the two-dimensional electron system (2DES), as the associated vortex expels other electrons from its neighbourhood and decreases the repulsive interaction between the two-dimensional electrons. If two¯ux quanta per electron penetrate the sample, that is, if the ®lling factor v equals 1/2, the external ®eld is effectively compensated and a metallic state of these compound particles emerges 4 . This state can be characterized by a Fermi wavevector and energy. A deviation from exact half-®lling results in the appearance of a non-zero effective ®eld B*, which quantizes the CF motion and discretizes their energy spectrum into Landau levels. In this framework, the fractional quantum Hall effect 1 (FQHE) is a manifestation of this Landau quantization and is equivalent to the integer quantum Hall effect of CFs. A variety of experimental observations 5±10 can be understood in semiclassical terms of nearly independent CFs.
As the kinetic energy of electrons is entirely quenched when a magnetic ®eld B is applied, the CF cyclotron mass is not a renormalized version of the electron conduction band mass, but originates entirely from Coulomb interactions 4 . The search for the cyclotron resonance of the CFs requires more sophisticated methods than those used to detect the electron cyclotron resonance, because the consequences of Kohn's theorem 11 must be avoided. This theorem states that homogeneous radiation in a translationally invariant system can only couple to the centre-of-mass coordinate and cannot excite other internal degrees of freedom. Thus, phenomena originating from electron±electron interactions will not be re¯ected in the absorption spectrum. One way to bypass the results enzyme is not required for this proton pumping in the reductive phase. Proton pumping only occurs on injection of the second electron. This is notable because in the oxidative phase of the cycle a single electron seems to be sufficient, and may indicate that more redox energy per electron is available in the oxidative part of the cycle. The usage of the proton transfer pathways is partially different. The charge-compensating proton appears to be taken up by means of the K-pathway in the E to R transition (in contrast to the prediction of ref. 4) , but through the D-pathway in the F to O transition (Fig. 2b and ref. 21) . The D-pathway, however, is required for proton pumping in both cases. The mechanism of protonpumping itself remains to be elucidated.
A
Methods
The proteoliposomes of wild-type or D124N cytochrome c oxidase were prepared as described 9 . For the spectroscopic measurements, 500 ml proteoliposomes containing 6 mM or 20 mM enzyme were mixed with 500 ml of 50 mM HEPES/KOH buffer, pH 7.4, 100 mM b-D-glucose in an anaerobic cuvette, degassed and overlaid with argon. After recording a reference spectrum for the oxidized form of the enzyme (O), a 100-fold molar excess of hydrogen peroxide and 40 mg glucose oxidase were added to form state F. Next, we added 25 mg catalase, and the cuvette was flushed with carbon monoxide in the dark. We recorded optical absorbance spectra every 90 s. For comparison the same procedure was used with 10 mM solubilized D124N mutant enzyme in the presence of 0.05% dodecyl-b-Dmaltoside as detergent.
The photopotential was measured as described 9 . Proteoliposomes were adsorbed to a planar lipid membrane (protein concentration in the cuvette approximately 100 nM), and the potential was measured across the proteoliposome/planar membrane system. The states E or F were prepared as described above for the spectroscopic measurements. Next, the cytochrome c oxidase was reduced upon laser-flash excitation of tris(2,2 0 -bipyridyl) ruthenium, a photoactivatable electron donor. In Table 1 of this Letter, the average particle number for slow light was incorrectly expressed as: In this Letter, the Protein Data Bank entry code for the DegP S210A crystal structure is incorrectly listed as 1KJ9. It should be 1KY9. We thank C. Zardecki for bringing this to our attention. A
